Abstract. The activation of endothelial cells by oxidized low-density lipoprotein (ox-LDL) with subsequent increases in endothelial permeability occurs in the early stage of atherosclerosis. Cathepsin L (CATL) is one of the cysteine proteases and has been implicated in advanced atherosclerotic lesions and plaque instability. This study aimed to explore the role of CATL in ox-LDL-induced early atherosclerotic events and to delineate the underlying mechanism. Results showed that ox-LDL upregulated CATL protein levels and activation in human umbilical vein endothelial cells (ECs) in a concentration-dependent manner and stimulated EC autophagy and apoptosis and increased EC monolayer permeability. Concomitantly, VE-cadherin expression was decreased. When ECs were pretreated with a CATL inhibitor, ox-LDL-induced autophagy was inhibited while apoptosis was further increased. In addition, the VE-cadherin protein level was increased, and the EC monolayer permeability was reduced. Taken together, the present study showed that the upregulated expression and activation of CATL induced by ox-LDL, increased EC autophagy and antagonized EC apoptosis, which partly neutralized the effect of increased EC monolayer permeability mediated by the downregulation of VE-cadherin. Thus, the proatherogenic effect of CATL was partly neutralized by inducing autophagy and inhibiting apoptosis in early stages of atherosclerosis.
Introduction
An elevated level of oxidized low-density lipoprotein (ox-LDL) is one of the major risk factors for atherosclerosis and plays a major role in vascular endothelial dysfunction. The vascular endothelium acts as a selective barrier, regulating the exchange of macromolecules between blood and the underlying tissues (1) . The elevated permeability of the endothelium is the first event in the cascade of processes leading to atherosclerotic lesion formation, which leads to lipid infiltration and accumulation within the arterial wall. Three potential pathways regulate endothelial permeability: namely the transcellular pathway, by which blood components pass through the cell; the paracellular pathway, by which the components cross the endothelial barrier through intercellular cell-cell junctions; and the leaky junction pathway, by which components across the endothelium through the gap due to cells undergoing mitosis or apoptosis (2) .
Cathepsins belong to the papain family of cysteine proteases, which degrade elastin and collagen. Cathepsin L (CATL) is one of the potent mammalian collagenases and elastases and was found to be upregulated in the arteries of apolipoprotein E-null mice fed a Western diet (3). Inhibition of CATL was able to reduce expression of the adhesion molecule αVβ3 integrin, disrupting secretion of the proangiogenic factors fibroblast growth factor (FGF) and vascular endothelial growth factor (VEGF) (4) . Recently, Mahmoud et al (5) discovered that increased levels of CATL mRNA and protein induced by peroxisome proliferator-activated receptor γ (PPARγ) activation, stimulated apoptosis and inhibited autophagy in human monocyte-derived macrophages. These observations revealed that CATL contributes to atherosclerosis not simply its elastinolytic and collagenolytic activities.
In the present study, we investigated the role of CATL in ox-LDL-induced early atherosclerotic events and the potential mechanisms. As several studies have indicated that CATL activation exerts proatherogenic effects, we hypothesized Cell culture. Human umbilical vein endothelial cells (ECs) were purchased from Central South University and cultured in DMEM supplemented with 10% fetal bovine serum (FBS; Invitrogen), 100 U/ml penicillin, and 100 µg/ml streptomycin. Cell cultures were maintained in a humidified incubator at 37˚C in 5% CO 2 atmosphere. ECs were treated with ox-LDL or with a combination of pretreatment with a CATL inhibitor.
Cathepsin L activity assay. After treatment, cells were washed twice with ice-cold phosphate-buffered saline (PBS) and lysed in 40 mmol/l sodium acetate buffer, pH 5.5, and 0.1% Triton X-100. CATL activity was determined by the InnoZyme™ Cathepsin L fluorogenic activity kit. Following the manufacturer's protocol, Z-Phe-Arg-7-amido-4-methylcoumarin (AMC) was used as a substrate. The reaction mixture was incubated at 37˚C for 10 min, and AMC fluorescence intensity was quantified with a fluorescence plate reader (excitation at 360 nm and emission at 460 nm).
RNA extraction and analysis. Total cellular RNA was extracted using TRI reagent following the manufacturer's instructions. One microgram of the RNA sample was reversely transcribed to cDNA, and 2 µl cDNA was added to the PCR amplification system. The primers were as follows: LC3 sense, 5'-GAGTTACCTCCCGCAGCCGCA-3' and antisense, 5'-TCCGCCGCTGCTTGAAAGGC-3'; beclin 1 sense, 5'-GGATGGATGTGGAGAAAGGCAAG-3' and antisense, 5'-TGAGGACACCCAAGCAAGACC-3'; caspase-3 sense, 5'-CAGGGCGCCATCGCCAAGTA-3' and antisense, 5'-TCA GCTCTGGCCTCCGGCTG-3'; Bcl-2 sense, 5'-GCATGGAG GGCAGTGACGCA-3' and antisense, 5'-TCGCAGGACACC CAGGACCC-3'; glyceraldehyde 3-phosphate dehydrogenase (GAPDH) sense, 5'-TCACCATCTTCCAGGAGCGAG-3' and antisense, 5'-TGTCCCTGTTGAAGTCAGAG-3'. The bands were visualized under UV light and the relative quantification of mRNA was assessed from the cycle threshold and normalized to GAPDH mRNA in the same samples.
Western blotting. ECs were treated with 0, 25, 50 or 75 mg/l ox-LDL for 24 h or pretreated with 0, 2, 4 or 8 mg/l CATL inhibitors for 24 h and exposed to ox-LDL (50 µg/ml) for an additional 24 h. Protein concentrations were measured using the BSA method as a standard. Equal amounts of total protein were resolved by SDS-PAGE, and the blots were probed with antibodies to CATL (1:500), beclin 1 (1:200), LC3 (1:200), caspase-3 (1:100), Bcl-2, VE-cadherin (1:100) (all were from Protech, USA), and appropriate secondary antibodies conjugated to alkaline phosphatase. Human β-actin served as the loading control. Blots were visualized with a chemiluminescence kit.
Quantification of apoptosis. Apoptotic cells were distinguished using propidium iodide (PI) staining. After treatment, cells were collected, washed with ice-cold PBS pH 7.4, centrifuged, and resuspended in 1X binding buffer. Cells were then incubated with fluorochrome for 15 min at 37˚C. Apoptotic rates were determined by flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA) and analyzed using FlowJo software.
Permeability assay. Endothelial permeability was analyzed using the Costar Transwell system using an FITC-labeled dextran tracer. ECs were cultured to confluency on collagencoated polycarbonate membranes. In the final 1 h of the respective treatments, FITC-labeled dextran (1 mg/ml) was added to the upper chamber. Fluorescence in the lower compartment was measured after 2 h using a spectrofluorimeter (LS45; Perkin Elmer Life Sciences) with an excitation wavelength of 490 nm and emission wavelength of 520 nm.
Statistical analysis. All experiments were repeated independently at least 3 times. Values were expressed as means ± SE. Student's unpaired t-test was used to establish significance between groups. P<0.05 was considered to indicate a statistically significant difference.
Results

ox-LDL upregulates CATL protein expression and activation.
After treatment of ECs with 0, 25, 50 or 75 µg/ml ox-LDL for 24 h, CATL protein levels (Fig. 1B) and activity ( Fig. 1C) were increased in response to ox-LDL in a concentrationdependent manner. However, there was no significant change in the mRNA levels of CATL (Fig. 1A) .
CATL inhibitor decreases ox-LDL-induced autophagy.
After treatment with various concentrations of ox-LDL for 24 h, the mRNA and protein expression of beclin 1 was increased in a concentration-dependent manner ( Fig. 2A and B) . The ratio of LC3II/LC3I was also increased (Fig. 2B) . Furthermore, monodansylcadaverine (MDC) staining revealed the accumulation of large MDC-stained vesicles (Fig. 2C) . Pretreatment of ECs with a CATL inhibitor decreased the protein levels of beclin 1 and the ratio of LC3II/LC3I (Fig. 3B) . However, no obviously change in beclin 1 and LC3 mRNA expression was observed (Fig. 3A) . The MDC-stained vesicles were attenuated in response to CATL inhibitor treatment (Fig. 3C) .
CATL inhibitor increases ox-LDL-induced apoptosis.
ECs treated with ox-LDL exhibited increased caspase-3 expression and a reduction in Bcl-2 expression in a dose-dependent manner (Fig. 4A and B) . Flow cytometry demonstrated that the percentage of apoptotic ECs was increased following ox-LDL treatment (Fig. 4C) . After pretreatment with a CATL inhibitor, the mRNA and protein expression of caspase-3 was upregulated in response to the CATL inhibitor in a concentration-dependent manner ( Fig. 5A and B) . The expression of the Bcl-2 protein was further decreased (Fig. 5B) . However, no significant change in mRNA levels of caspase-3 and Bcl-2 was observed (Fig. 5A) . The apoptotic ratio of the ECs showed a concentration-dependent increase in response to the CATL inhibitor (Fig. 5C) .
CATL inhibitor attenuates the ox-LDL-induced decrease
in VE-cadherin. VE-cadherin is one of the most important molecules in the maintenance of endothelial integrity via its role in adherens junctions. Western blotting revealed that ox-LDL decreased VE-cadherin protein levels in a dosedependent manner (Fig. 6A) . When ECs were preincubated with a CATL inhibitor for 24 h, followed by exposure to ox-LDL (50 mg/l), downexpression of VE-cadherin protein was reversed by the CATL inhibitor (Fig. 6B) . Effect of the CATL inhibitor on endothelial monolayer permeability. Treatment of ox-LDL significantly increased endothelial cell permeability (Fig. 7A) . However, when ECs were pretreated with a CATL inhibitor, the ox-LDL-induced increase in permeability was attenuated (Fig. 7B) .
Discussion
CATL has previously been reported to be involved in the pregression of advanced atherosclerotic lesions. The present study investigated the effect of CATL on ox-LDL-induced early atherosclerotic events and its potential mechanisms. The results revealed that ox-LDL increased CATL protein expression and activation, inducing EC autophagy and apoptosis and increasing EC monolayer permeability. When ECs were pretreated with a CATL inhibitor, ox-LDL-induced autophagy was partly inhibited, while apoptosis was further increased. Concomitantly, the ox-LDL-induced decrease in VE-cadherin expression and increased EC monolayer permeability was attenuated by the CATL inhibitor.
It is important to note that the death of ECs by apoptosis is observed in the early stages of atherosclerosis. The permeability of cultured bovine aortic endothelial cell monolayers was found to be highly correlated with their rate of apoptosis and that inhibiting apoptosis lowers the permeability of monolayers to LDL (6) . Several cathepsin family members have been implicated in apoptosis. In human cancer cells, cathepsin S siRNA induces autophagy and subsequent apoptosis (7). Cathepsin B induces mitochondrial release of cytochrome c and activates caspase-3, signifying the onset of apoptotic cell death (8) . In the present study, we found that pretreatment with a CATL inhibitor resulted in increased apoptotic cell death induced by ox-LDL, which means that the activation of CATL may inhibit the apoptosis of ECs.
In addition to apoptosis, the death of vascular cells by autophagy was also observed in this study. Autophagy is a catabolic pathway for the bulk turnover of long-lived proteins and organelles via lysosomal degradation. Basal autophagy is a survival mechanism safeguarding vascular cells against oxidative injury, metabolic stress and inflammation (9, 10) ; it is protective against EC injury and was observed in atherosclerotic plaques (11) (12) (13) (14) (15) . Degradation of autophagolysosomal content is impaired in CATL(-/-) mice (16) . In this study, we examined the mRNA and protein levels of beclin 1 (Bcl-2 interacting protein) and microtubule-associated protein 1 light chain 3 (LC3), which have previously been shown to promote autophagy. In ECs, the control cells exhibited few autophagic features. After treatment with ox-LDL, autophagy responses increased significantly. However, autophagy was significantly inhibited in the presence of the CATL inhibitor, indicating that upregulation of CATL may promote EC autophagy.
Previous observations indicate that autophagy and apoptosis are often induced by the same stimuli; they share similar effectors and regulators, and are subjected to complex crosstalk mechanisms. Recent studies have shown that beclin 1 and PI3K are substrates of caspases-3, -7 and -8. Cleavage fragments lose the autophagy-inducing capacity, while enhancing apoptosis by promoting the release of proapoptotic factors from the mitochondria. It is worth noting that the C-terminal fragments, Beclin-1-C, localized predominantly at the mitochondria sensitized the cells to apoptosis (17) . Thus, the possible mechanism of the CATL inhibitor-mediated increase in EC apoptosis may be explained, at least in part, by increased caspase-3 protein levels, which in turn create cleavaged beclin 1 consequently promoting EC apoptosis. Hence, we speculated that increased autophagic activity via CATL may overcome cell-death stimulation and decrease apoptotic cell death, which represents an adaptive process to benefit EC survival against ox-LDL damage.
The intercellular junctions of endothelial cells also have an important barrier function that regulates permeability. VE-cadherin is one of the main components of the endothelial cell-cell junction, which determines the strength of cell-cell adhesion and dictates monolayer properties (18) . In our study, ox-LDL decreased the VE-cadherin protein levels in a dose-dependent manner. However, upon pretreatment with the CATL inhibitor, VE-cadherin protein contents were markedly increased. In particular, overexpression of CATL may contribute to the degradation of VE-cadherin induced by ox-LDL. Consistent with the importance of VE-cadherin to endothelial integrity, we found that pretreatment with the CATL inhibitor decreased the permeability induced by ox-LDL.
Taken collectively, we propose that the role of CATL in the alteration of ox-LDL-induced EC monolayer permeability is due to two factors. First, the inhibition of autophagy and induction of apoptosis by the CATL inhibitor suggest that the upregulation of the expression of CATL may provide the benefit of reducing endothelial cell monolayer permeability. Second, upregulation of the expression of CATL may involve the degradation of VE-cadherin, and this may be attributed to an increase in EC barrier permeability induced by ox-LDL. As a result, the proatherogenic effect of CATL may be neutralized by induction of EC autophagy.
